Echocardiographic Detection of Coronary Artery Disease During Dobutamine Infusion
Stephen G. Sawada, MD; Douglas S. Segar, MD; Thomas Ryan, MD; Stephen E. Brown, MD; Ali M. Dohan, MD; Roxanne Williams, BS, RN; Naomi S. Fineberg, PhD; William F. Armstrong, MD; and Harvey Feigenbaum, MD Background. Two-dimensional echocardiography performed during dobutamine infusion has been proposed as a potentially useful method for detecting coronary artery disease. However, the safety and diagnostic value of dobutamine stress echocardiography has not been established.
Methods and Results. In this study, echocardiograms were recorded during step-wise infusion of dobutamine to a maximum dose of 30 gg/kg/min in 103 patients who also underwent quantitative coronary angiography. The echocardiograms were digitally stored and displayed in a format that allowed simultaneous analysis of rest and stress images. Development of a new abnormality in regional function was used as an early end point for the dobutamine infusion.
No patient had a symptomatic arrhythmia or complications from stress-induced ischemia. Significant coronary artery disease (>50%o diameter stenosis) was present in 35 of 55 patients who had normal echocardiograms at rest. The sensitivity and specificity of dobutamine-induced wall motion abnormalities for coronary artery disease was 89%o (31 of 35) and 85% (17 of 20) , respectively. The sensitivity was 81% (17 of 21) in those with one-vessel disease and 100% (14 of 14) in those with multivessel or left main disease. Forty-one of 48 patients with abnormal echocardiograms at baseline had localized rest wall motion abnormalities. Fifteen had coronary artery disease confined to regions that had abnormal rest wall motion, and 26 had disease remote from these regions. Thirteen of 15 patients (87%) without remote disease did not develop remote stress-induced abnormalities, and 21 of 26 (81%) who had remote disease developed corresponding abnormalities.
Conclusions. Echocardiography combined with dobutamine infusion is a safe and accurate method for detecting coronary artery disease and for predicting the extent of disease in those who have localized rest wall motion abnormalities. (Circulation 1991; 83:1605 -1614 Do obutamine infusion has been proposed as an alternative to exercise for producing cardiovascular stress in patients with known or suspected coronary artery disease. Early clinical studies have shown that echocardiography may be used to detect regional wall motion abnormalities resulting from myocardial ischemia produced by dobutamine infusion.1,2 However, recent clinical and experimental studies suggested that dobutamine stress echocar-diography may have limited sensitivity for detecting coronary artery disease.34 Abnormalities in regional function, produced by moderate doses of dobutamine, may be limited in extent or severity except in patients with severe or extensive coronary artery disease.3-5 Detection of subtle abnormalities may be difficult using videotape analysis.3
Newer computer-based techniques for acquisition and display of echocardiograms have facilitated the performance of exercise echocardiography, and they allow direct comparison of rest and stress images.6 '7 These techniques have contributed to the clinical applicability and accuracy of exercise echocardiography.6,7 Dobutamine stress echocardiography permits evaluation of patients who cannot adequately exercise, and optimal quality images can be obtained without the respiratory artifact that accompanies exercise. These potential advantages encouraged our investigation of this technique with computer-based techniques and high-dose dobutamine infusion (30 , early end point for the infusion to allow a margin of safety where the infusion could be discontinued before development of severe or extensive ischemia. The infusion was also terminated when the patient developed more than a 15-mm decline in systolic blood pressure from baseline, significant side effects, or arrhythmia. If none of the above end points were achieved, the infusion was discontinued at 85% of the patient's age-predicted maximal heart rate or at a maximal dose of 30 ,g/kg/min. In the event of demonstrable ischemia, sublingual nitroglycerin or a short-acting intravenous /3-blocker was administered at the discretion of the investigator.9 The electrocardiogram was recorded during the last stage of dobutamine infusion, and the patient was monitored for 6 minutes after termination of the infusion.
Stress Electrocardiography
Three bipolar electrocardiographic leads (CC5, CM2, and modified lead II) were 
Coronary Angiography
Coronary cineangiograms were obtained using the Judkins' technique. Quantitative angiographic measurements of percent diameter stenosis were obtained by an investigator who had no knowledge of the clinical data and stress electrocardiographic or echocardiographic results. The frames demonstrating each stenosis at its greatest severity were selected for analysis. Each frame was digitized in a 512x512x8-bit pixel matrix using a digital radiographic computer system (ADAC DPS 400c, Milpitas, Calif.). Measurements were performed with an edge detection program as described by Popma et al. 10 Significant coronary artery disease was defined as 50% or more diameter stenosis of a major epicardial coronary artery or major branch vessel. In patients who had previous coronary artery bypass grafting, significant coronary artery disease was also defined as 50% or more diameter stenosis of a bypass graft supplying a coronary artery with significant stenosis. This criterion for significant graft stenosis was used in only two patients who had previous bypass grafting. The left ventricle was divided into 16 segments. The location of segmental wall motion abnormalities was correlated with the location of diseased coronary arteries according to a three-region scheme of coronary perfusion depicted in Figure 1 . For the purposes of analysis of the echocardiographic results, patients were divided into two groups: those who had normal wall motion at rest and those who had rest wall motion abnormalities. The sensitivity and specificity of dobutamine stress echocardiography for the detection of coronary artery disease was determined in the group with normal wall motion at rest by using quantitative coronary angiography as the reference standard. In subjects with localized rest wall motion abnormalities, a stress-induced wall motion abnormality remote from the location of the rest abnormality was correlated with the presence of a significantly diseased vessel supplying the region that demonstrated the stress-induced abnormality. A wall motion score index was derived for rest, low-dose, and peak-dose echocardiograms in each patient. Segmental wall motion was graded as 1) normal: normal motion at rest and progressive increases in wall motion (hyperkinesis) with increasing doses of dobutamine; 2) hypokinetic: less than 5 mm of endocardial excursion at rest and reduction in motion from lower to higher doses of dobutamine; 3) akinetic: near absence of inward motion; 4) dyskinetic: paradoxical wall motion away from the center of the left ventricle in systole. The wall motion score was derived by summation of individual segment scores divided by the number of interpreted segments. Inadequately visualized segments were not scored. An individual study was defined as technically difficult when more than two segments could not be adequately visualized during any one stage.
Statistical Analysis
Values for heart rate, blood pressure, and the peak heart rate-systolic blood pressure product (double In the study group, six patients received sublingual nitroglycerin for angina. Three who developed angina and extensive wall motion abnormalities received intravenous esmolol that resulted in resolution of ischemia within 5 minutes of drug administration.
Feasibility Analysis
The value of dobutamine stress echocardiography is potentially reduced in patients who have poor quality images or in those who develop severe side effects or arrhythmias before they achieve end points for ischemia, target heart rate, or maximum dose. In the study group, 24 of 103 patients (23%) had echocardiograms of reduced quality or had devel-FIGURE 2. Low-dose and peak-dose dobutamine stress echocardiograms obtained in a patient with significant right coronary artery disease. At low dose, the inferior wall myocardium thickens normally from diastole (DM4S) to systole (SYS). At peak dose, there is no systolic thickening (arrowheads), and basal inferior and midinferior segments are hypokinetic.
oped arrhythmias or severe side effects. Although 10 studies were defined as technically difficult, all were judged to be of adequate quality for interpretation. No patient was excluded from analysis because of an inadequate stress echocardiogram. Only two patients, both of whom had three consecutive premature ventricular contractions occurring in the setting of stress-induced wall motion abnormalities, were judged to have arrhythmias that would have warranted termination of dobutamine infusion in the absence of inducible wall motion abnormalities. Of the five patients who experienced side effects that were judged severe enough to discontinue dobutamine infusion, three also achieved ischemic end points, and one achieved target heart rate. Overall, 15 of 17 patients (88%) who developed arrhythmias or severe side effects achieved end points for ischemia, target heart rate, or maximum dose. Subjects With Normal Rest Wall Motion Fifty-five patients had normal wall motion at baseline. Quantitative coronary angiography demonstrated significant coronary artery disease in 35 and no significant disease in 20. One-vessel disease was present in 21 patients, two-vessel disease in seven, three-vessel disease in six, and left main coronary artery involvement in one.
The dobutamine stress electrocardiogram was normal in 26 patients, nondiagnostic in 20, and ischemic in nine. The sensitivity of an ischemic electrocardiogram for coronary artery disease was 23% (eight of 35), and the specificity was 95% (19 of 20) . Fourteen patients developed angina during dobutamine infusion. The sensitivity of angina for coronary artery disease was 37% (13 of 35), and the specificity was 95% (19 of 20) . The sensitivity of angina or of an ischemic electrocardiogram or both was 46% (16 of 35). The specificity (absence of both angina and an ischemic electrocardiogram) was 90% (18 of 20).
Stress-induced wall motion abnormalities developed in 31 of 35 patients (89%) who had significant coronary artery disease. An abnormal dobutamine stress echocardiogram is illustrated in Figure 2 . All four false-negative studies occurred in patients who had one-vessel disease, resulting in a sensitivity of 81% (17 of 21) for those with one-vessel disease and a sensitivity of 100% (14 of 14) for those with multivessel and left main disease. Patients who had false-negative echocardiograms also lacked symptoms and ischemic electrocardiographic changes during dobutamine administration. Three patients had stenoses less than 70%, and one patient had 80% stenosis of a diagonal vessel. None was receiving a-blockers. The location of stress-induced wall motion abnormalities correlated with the distribution of the angiographically diseased vessel in 16 of 17 patients (94%) who had echocardiographic abnormalities and onevessel disease. In four patients who had one-vessel disease, wall motion abnormalities extended beyond the territory of the diseased vessel. In three of these patients, a mild stenosis (range, 25-48% diameter stenosis) was observed in a second vessel. The location of stress-induced abnormalities correlated with the distribution of at least one significantly diseased vessel in 13 of 14 patients (93%) who had multivessel or left main disease. Stress echocardiography correctly predicted the presence of multivessel disease in 10 of 14 patients (71%) based on multiregion wall motion abnormalities.
There were no significant differences in the wall motion scores between patients who had one-vessel disease and those who had multivessel or left main disease (Table 3 ). There was also no significant difference in the doses of dobutamine achieved in those who had one-vessel disease compared with doses achieved in those who had multivessel disease. Five patients developed wall motion abnormalities at a dose of 5 ,ug/kg/min, all of whom had more than 70% stenosis of the vessel supplying the ischemic region.
Subjects With Rest Wall Motion Abnornalities
Forty-eight patients had abnormal wall motion at rest, including seven who had diffuse abnormalities involving all three regions of coronary perfusion. These patients were excluded from further analysis because of the absence of regions with normal wall motion at rest.
The 41 patients that were analyzed had localized rest wall motion abnormalities. Fifteen patients had either no significant coronary artery disease or disease that was confined to regions that had abnormal rest wall motion. In these patients, all regions with normal wall motion at baseline were supplied by vessels without significant disease. Two patients had no significant coronary artery disease, 12 had onevessel disease, and one had two-vessel disease. The remaining 26 patients had one or more regions with normal wall motion at rest that were supplied by diseased vessels (remote disease). Two patients each had disease of a single vessel that supplied a region with normal wall motion at rest and had a previously infarcted region supplied by a vessel without significant disease. The remaining 24 patients had multivessel disease (two vessel in 16, three vessel in eight).
In patients who had localized rest wall motion abnormalities, the dobutamine stress electrocardiogram was normal in 10 patients, nondiagnostic in 22, and ischemic in nine. The sensitivity of an ischemic electrocardiogram for detection of remote disease was 23% (six of 26), and the specificity was 80% (12 of 15). Ten of 26 patients (38%) with remote disease developed angina and 13 of 15 patients (87%) without remote disease had no angina. Twelve of 26 patients (46%) with remote disease had either an ischemic electrocardiogram, angina, or both findings. An ischemic electrocardiogram and angina were both absent in 10 of 15 (67%) without remote disease.
Remote, stress-induced wall motion abnormalities were absent in 13 of 15 patients (87%) without remote disease. The stress echocardiogram was abnormal in the right coronary distribution in one patient who had 40% stenosis of the right coronary artery and an ischemic electrocardiogram. Three patients who had rest wall motion abnormalities involving a limited number of segments within a region developed additional stress-induced abnormalities in the same region.
Twenty-one of 26 patients (81%) with remote disease developed stress-induced wall motion abnormalities in regions that corresponded to the location of remotely diseased vessels. Four of five patients who had false-negative echocardiograms for remote disease developed new wall motion abnormalities within a region that had segments with both normal and abnormal rest wall motion. The severity of the stenosis of the remotely diseased vessel ranged from 51% to 64% in these four patients. In three of these patients, the remotely diseased vessels had lesssevere stenoses compared with the vessels supplying the regions that exhibited rest and stress-induced abnormalities. Two of these patients developed additional evidence of ischemia (angina in one, electrocardiographic evidence of ischemia in one). Two patients who had undetected remote disease were receiving f,-blockers.
The mean wall motion score at peak dose and the changes in mean wall motion score with dobutamine infusion were significantly greater in patients with Seventeen patients who had remote disease or coronary artery disease with normal baseline echocardiograms were receiving fl-blockers. Fifteen of these 17 patients (88%) had stress-induced wall motion abnormalities, and in 13 of the 15 patients (87%), these abnormalities developed in regions supplied by vessels with more than 60% diameter stenosis. Of the two remaining patients, one had multiple stenoses of a remotely diseased vessel and another achieved the target heart rate. The doses of dobutamine administered to patients receiving fl-blockers were not significantly increased above the doses given to those who were not receiving fl-blockers.
Echocardiogram Analysis
Rest and stress echocardiograms were of adequate quality for interpretation in all 103 patients. In 10 patients (10%) who had technically difficult studies, the angiographic and echocardiographic results correlated in nine. Only two investigators were required for interpretation of the rest and stress echocardiograms in 92 of 103 studies (89%). In nine studies, two investigators disagreed on the presence or absence of a stress-induced abnormality. In two studies, there was disagreement on the extent of rest wall motion abnormalities. Sixty-seven studies were analyzed by the same two investigators (D.S. and T.R.), with agreement in 59 (89%). In three studies, the videotape was reviewed in addition to the digitized images. Discussion Dobutamine stress echocardiography has several potential advantages over currently used noninvasive stress testing techniques. It is inexpensive compared with competing technologies and provides an alternative in the patient who cannot perform leg or arm exercise. The equipment required is highly portable, and thus, studies can be performed in the intensive and coronary care units. High-quality images from dobutamine stress echocardiography may be obtained more easily than those from exercise stress echocardiography because of the absence of patient motion and limited respiratory interference. The level of stress achieved can be controlled, and potentially, the suppression of heart rate by ,f-blockers may be overcome.
Dobutamine stress echocardiography has shown promise as a clinically useful technique in several studies. Palac et a12 reported an 84% sensitivity and an 86% specificity for dobutamine stress echocardiography in 25 patients with coronary artery disease and in 14 normal subjects. Berthe et al' reported an accuracy of 87% for the technique in differentiating one-vessel from multivessel disease in 30 patients after myocardial infarction. However, in a more recent study by Mannering et al,3 echocardiographic imaging during dobutamine infusion was successful in only 82% of patients, and stress-induced abnormalities were limited to patients with extensive disease. In support of the clinical findings of Mannering et al,3 experimental studies have indicated that moderate doses of dobutamine or isoproterenol may only produce abnormalities in regional function in the setting of severe coronary stenoses with minimal or absent coronary flow reserve.412 '13 The methods used for dobutamine infusion and echocardiography were designed to minimize the limitations of the technique. We used high-dose (30 ,ug/kg/min) dobutamine infusion to produce significant increases in heart rate based on evidence suggesting that heart rate is the most important determinant of myocardial oxygen consumption during dobutamine infusion.'4 Serial echocardiographic imaging was performed to facilitate detection of relatively small reductions in contractility that occurred with increasing doses of dobutamine in those patients with less-severe coronary disease. Last, on-line digital storage permitted acquisition of serial images along nearly identical planes and allowed direct comparison of these images during analysis.
In this study, rest and stress echocardiograms were of adequate quality for interpretation in all patients. This rate of successful imaging generally exceeds that reported for exercise echocardiography.15 The availability of multiple echocardiographic windows for imaging during stress contributed to the high success rate. Ten percent of studies were of reduced quality due in part to excessive cardiac motion at peak stress that rendered some segments uninterpretable. However, the accuracy of the technique was maintained in patients with technically difficult studies.
In patients with normal rest wall motion, the sensitivity (89%) and specificity (85%) of dobutamine stress echocardiography for the detection of coronary artery disease was comparable to the values reported for other stress testing techniques. [16] [17] [18] As with other techniques, the sensitivity for detecting multivessel disease exceeded that for one-vessel disease. Seven patients had discordant echocardiographic and angiographic results. All four patients with false-negative stress echocardiograms had one-vessel disease, including three of whom had vessels with less than 70% diameter reduction. In two of three patients who had false-positive stress echocardiograms, quantitative angiography demonstrated one-vessel disease with 40% to less than 50% diameter reduction. Thus, most patients with discordant angiographic and echocardiographic results had mild-to-moderate one-vessel stenosis.
The extent of angiographic disease correlated with the extent of stress-induced wall motion abnormalities. Wall motion abnormalities were confined to a single region in 76% of those who had one-vessel disease and stress-induced abnormalities. Multiregion wall motion abnormalities developed in 71% of patients who had multivessel or left main disease. Underestimation of disease occurred in four patients, all of whom achieved at least one ischemic end point for the dobutamine infusion but only one of whom received the maximum dose of dobutamine. The design of the infusion protocol may have reduced the ability of the technique to predict the presence of multivessel disease.
In patients who had localized rest wall motion abnormalities, dobutamine stress echocardiography predicted the presence or absence of a remotely diseased vessel with an accuracy of 83% (34 of 41). As in patients with normal wall motion at rest, underestimation of the extent of disease resulted partly from using a stress-induced abnormality as an end point for the dobutamine infusion. Four of five who had remotely diseased vessels that were not detected by echocardiography developed new wall motion abnormalities adjacent to segments with abnormal rest wall motion. These patients had prior myocardial infarction and were presumed to have inducible periinfarction ischemia.
In this study, the reported sensitivity and specificity of dobutamine stress echocardiography was based almost exclusively on analysis of digitally stored, continuous loop images. The sensitivity of the technique may also depend on performance of serial echocardiographic imaging. Detection of coronary artery disease was facilitated by comparison of lowand peak-dose images in addition to comparison of rest and peak-dose echocardiograms. In patients who had coronary artery disease, the increase in wall motion noted at low doses of dobutamine was diminished at higher doses that produced significant increases in heart rate. The observation is consistent with the differential in inotropic and chronotropic potency of low doses of dobutamine. 19 The progressive infusion of dobutamine used in this study was generally well tolerated. Five percent of patients in the study group had limiting side effects, and 15% of all patients had arrhythmias. None had hypotension or symptoms due to an arrhythmia. Most patients who developed ventricular ectopy had ischemia, which is similar to the findings of Marieb et a120 with exercise testing. The sensitivity of dobutamine stress echocardiography is potentially limited in those who develop serious arrhythmias or side effects requiring termination of infusion before development of ischemia. However, in this study, nearly all patients who had arrhythmias or serious side effects achieved end points for ischemia, target heart rate, or maximum dose.
Development of a new wall motion abnormality involving at least two segments was used as an early end point for dobutamine infusion, which potentially limited complications from severe ischemia. This end point was used in one third of all patients who had coronary artery disease and in almost one half of those who developed ischemia. In a manner similar to exercise, dobutamine administration primarily produces ischemia by elevating myocardial oxygen demand out of proportion to supply without severely reducing coronary perfusion.2' Interventions that profoundly reduce coronary perfusion produce a more severe and extensive impairment of myocardial function than interventions that produce ischemia by increasing myocardial oxygen demand.'3 Thus, ischemic complications from dobutamine infusion may be unusual even in those who have severe coronary artery disease. However, rapid reversal of the effects of dobutamine with a short-acting /3-blocker is desired in the setting of wall motion abnormalities or angina that persist after termination of the infusion.
The electrocardiogram and assessment of symptoms during dobutamine infusion had low sensitivity but high specificity for significant coronary artery disease in patients who had normal rest wall motion and for remote disease in those who had abnormal wall motion at rest. Previous studies122-24 have reported the sensitivity of catecholamine stress electrocardiography to be 50-87%. The reduced sensitivity in this study may be due to the use of a wall motion abnormality as an end point, use of a three-lead system in most patients, and the high frequency of antianginal medication and baseline electrocardiogram abnormalities.
Study Limitations
In this study, the sensitivity of the stress echocardiogram was not affected by ,3-blocker therapy. This unexpected finding may be due in part to the severity of coronary artery disease in those patients who were treated with /3-blockers. Although these patients had reduced peak heart rates compared with those not receiving /3-blockers, both groups had similar increases in heart rate from baseline. In addition, decreased coronary blood flow, due to unopposed a-adrenergic receptor-mediated vasoconstriction, might have contributed to induction of ischemia in those receiving /3-blockers.25,26 Regardless of the above considerations, one would expect reduced sensitivity of the stress echocardiogram in patients with mild-to-moderate coronary artery disease who have significantly attenuated heart rate responses. The study population was referral based, and a large proportion of these patients had medical conditions that precluded exercise testing. In addition, one half of the patients were asymptomatic, including many of those referred for risk assessment before undergoing noncardiac surgery. Thus, the results of this study may not be directly applicable to patients who are able to exercise or to those who are evaluated in a primary-care setting for cardiac symptoms.
An investigator, skilled in echocardiographic interpretation, monitored each study. The necessity of using an echocardiographer and echocardiographic end points for patient safety is unknown. Results in a previous study suggest that high dose (40 gug/kg/min) dobutamine infusion can be safely used without echocardiographic end points.' Use of an echocardiographic end point might have limited the ability of the stress echocardiogram to specifically identify those who had multivessel disease. Whether a more aggressive infusion protocol would enhance the diagnostic value of the technique without imposing additional patient risk is the subject of ongoing investigation. Use of higher doses of dobutamine may be limited by increasing side effects or by the a-adrenergic receptor properties of the drug that, like dopamine, may result in reflex suppression of the increase in heart rate.27 Two-dimensional echocardiography performed during isoproterenol or epinephrine infusion has been reported to have modest sensitivity for detection of coronary artery disease.22,232829 However, the safety and efficacy of these 3-adrenergic receptor agonists for stress testing have not been fully investigated.
Quantitative analysis of regional or global function was not performed in this study. However, qualitative analysis proved to be accurate and reproducible. Global parameters of left ventricular function evaluated during catecholamine stress were previously shown to have limited sensitivity.27'30 Visual estimation of wall thickening was incorporated in our analysis in recognition of the fact that it is not influenced by cardiac translation or rotation. The high quality of most studies may permit quantification of wall thickening in future investigations.
Conclusion
In this study, the presence and extent of coronary artery disease was accurately determined by digitally stored continuous loop echocardiograms recorded during high-dose infusion of dobutamine. The high quality of echocardiographic images permitted accurate localization of disease. The procedure was safe and well tolerated. For patients who cannot adequately exercise, dobutamine stress echocardiography provides a low cost, clinically useful alternative.
